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T
he severe diarrheal disease cholera is caused by Vibrio cholerae bacteria of serogroups O1 and O139 that carry the ctxAB and tcp genes, encoding cholera toxin and toxin-coregulated pili, respectively (22) . These bacteria have been the cause of seven pandemics since 1817 (12, 38, 42) . Non-O1, non-O139 V. cholerae (NOVC) constitutes a large group of V. cholerae bacteria found as environmental isolates. Typically, they lack the ctx and tcp genes and do not cause cholera but have recently been emerging as potential extraintestinal pathogens. NOVC isolates possess a protein secretion system, the type VI secretion system (T6SS), which appears to play an important role in the bacterium's environmental survival by promoting killing of predator organisms, like amoebas (37) .
The T6SS is present in several Gram-negative bacterial species ranging from environmental to pathogenic bacteria and is involved in a variety of cellular processes (3-5, 10, 13, 43) . It can secrete certain effector proteins into the extracellular milieu and/or translocate them into the eukaryotic host cell cytoplasm (31, 32, 36, 37) . Intriguingly, a role for T6SS in interbacterial competition was recently described in Pseudomonas aeruginosa, Burkholderia thailandensis, and a NOVC isolate (19, 24, 44) . Although little is known about the contribution of the T6SS to virulence in general, expression of T6SS loci is precisely modulated to adapt T6SS production to the specific needs of and conditions encountered by individual bacteria (3, 4) . Two T6SS-associated proteins, hemolysin-coregulated protein (Hcp) and valine-glycine repeat protein G (VgrG), have recently been characterized in NOVC isolates and in P. aeruginosa (16, 36) . However, the conditions that result in activation of the T6SS of wild-type isolates of the O1 serotype V. cholerae strains have not been identified so far, and therefore, this T6SS cluster was considered to be nonfunctional (37) . Despite the notion of an inactive T6SS, our recent studies showed that serotype O1 strains of V. cholerae in fact do produce Hcp when the bacteria are cultivated under standard laboratory conditions (20) . Furthermore, we observed that expression of hcp genes was positively and negatively regulated by the quorumsensing regulators HapR and LuxO, respectively, thereby also including the RNA binding protein Hfq in the regulation (20) . In addition, Hcp expression in the serotype O1 strain required the alternative sigma factor RpoN and the cyclic AMP-cyclic AMP receptor protein (cAMP-CRP) global regulatory complex (20) . Subsequently, using a luxO mutant V. cholerae O1 serotype strain and transposon insertion mutagenesis, a gene denoted tsrA was identified as important for Hcp expression and secretion (56) . These findings prompted us to carry out further analysis of the potential Hcp secretion from the wild-type O1 V. cholerae strain A1552, with the aim of identifying the environmental condition(s) that would allow its T6SS-dependent transport. Our results demonstrate that the T6SS of wild-type V. cholerae O1 strains is functional and that its expression is controlled by specific environmental conditions in a pathoadaptive fashion.
MATERIALS AND METHODS
Bacterial strains, culture conditions and plasmids. The bacterial strains and plasmids used in this study are listed in Table 1 . Bacterial strains were grown at 37°C or 23°C with shaking in Luria-Bertani (LB) broth (pH 7.4) supplemented, as appropriate, with reagents as mentioned for each experiment.
Construction of expression plasmids. The PCR primers used for obtaining the plasmid clones with a wild-type locus allowing complementa-tion tests of the vca0107, vgrG-3, and oscR mutant are listed in Table 2 . The DNA fragment containing the vca0107, vgrG-3, and oscR genes was obtained after amplification by PCR using wild-type V. cholerae chromosomal DNA as a template. The PCR product was purified from an agarose gel and ligated into the TA cloning vector pCR4-TOPO or the pGEM-T Easy vector. After amplification in the Escherichia coli strain TOP10 or DH5␣, the plasmid was isolated with a Qiaprep Spin Miniprep kit (Qiagen). The vca0107 ϩ clone in pMMB66EH and the vgrG-3 ϩ or oscR ϩ clone in pBAD18 were electroporated into ⌬vca0107, ⌬vgrG-3, and ⌬oscR mutants, respectively. As a negative control, the expression vectors pMMB66EH and pBAD18 without an insert were introduced into the mutant strains.
SDS-PAGE and immunoblot analyses. To determine the levels of protein production and secretion, bacterial strains were grown in LB medium containing 85 mM or 340 mM NaCl. The bacterial strains were grown to an optical density at 600 nm (OD 600 ) of 2.0. Total bacterial viable-cell counts at OD 600 were similar (A1552, 1.41 ϫ 10 9 CFU/ml; V6, 1.49 ϫ 10 9 CFU/ml; V52, 1.12 ϫ 10 9 CFU/ml). One-millilliter bacterial samples were taken and centrifuged at 18,000 ϫ g for 2 min. The pellets were suspended with 200 l of sample buffer containing 10% glycerol, 0.05% bromophenol blue, 2% SDS, 5% 2-mercaptoethanol, and 10 mM Tris-HCl, pH 6.8, and the suspension was heat treated in a boiling-water bath for 5 min. Of the boiled 200-l suspension, 2.5 l was used as a whole-cell sample for SDS-PAGE immunoblot analysis; 500 l of the culture supernatant fluid was precipitated with 10% trichloroacetic acid (TCA). The precipitates were resuspended in 40 l of the same sample buffer and boiled for 5 min; 10 l out of the 40-l sample preparation was used as a supernatant sample for SDS-PAGE immunoblot analysis. The protein samples were separated by SDS-PAGE (23) . Western blot analyses were performed as described previously (51, 53) using anti-Hcp polyclonal antiserum (20) , anti-Crp polyclonal antiserum (2) , and anti-␤-lactamase polyclonal antiserum (33) .
RNA extraction and qRT-PCR. RNA extraction and quantitative reverse transcription (qRT)-PCR were performed as described previously (53) . Three independent samples were tested in triplicate. For each sample, the mean cycle threshold of the test transcript was normalized to that of transfer-messenger RNA. In each case, the level of the wild type under low osmolarity (85 mM NaCl) was set to 1. Transcription of the ompT Table 2 . Bacterial killing assay of interbacterial virulence. V. cholerae strains grown to an OD of 2.0 in LB medium were mixed with E. coli strain MC4100 grown to an OD of 0.20 in LB medium at a ratio of 1:3 (vol/vol). One hundred microliters of this mixture was inoculated onto a 0.22-m nitrocellulose membrane (Millipore) placed on Luria-Bertani agar (LA) plates with different NaCl concentrations (85 and 340 mM). After 5 h of incubation at 37°C, bacterial cells were harvested from the filter, serial dilutions were spread on LA plates with streptomycin (50 g/ml) to monitor surviving E. coli bacteria, and their colony-forming ability (CFU/ml) was quantified.
Genome database searches. Genome database accession number searches were done for the complete whole-genome sequence of V. cholerae O1 biovar El Tor strain N16961 chromosomes I and II at the NCBI website (http://www.ncbi.nlm.nih.gov).
In-frame deletion mutant construction. In-frame deletion mutants were constructed by procedures described previously (52, 53) . The primers used are summarized in Table 2 .
Serotyping. NOVC strain V6 was serotyped using the somatic antisera prepared against the collection of 206 different V. cholerae strains (46) .
RESULTS
Expression and secretion of Hcp in V. cholerae O1 and NOVC strains. Recently, we found that in the V. cholerae wild-type O1 strain A1552, expression of the T6SS substrate Hcp was controlled by quorum sensing and the global regulators Crp and RpoN (20) . To test if Hcp of a V. cholerae O1 strain can be secreted into the culture medium, culture supernatants of strain A1552 were examined by immunoblot analyses using polyclonal anti-Hcp antiserum. The NOVC strains V52 and V6 were used as controls, because Hcp is known to be efficiently secreted from these strains (37) . Although a large amount of Hcp was detected in the wholecell lysates (Fig. 1) , Hcp was not detected in supernatants from V. cholerae O1 strain A1552, in contrast to those of the NOVC strains V52 and V6 (Fig. 1) . Importantly, the absence of the cytosolic Crp protein in the culture supernatants indicated that the appearance of Hcp in this fraction was not a consequence of bacterial cell lysis (Fig. 1) . This control was routinely used in the subsequent analyses of Hcp secretion.
Osmolarity-dependent secretion of Hcp from V. cholerae O1 strains. Next, we investigated if secretion of Hcp from V. cholerae O1 strains could be induced by growth under different environmental conditions. As V. cholerae normally resides in coastal and estuarine environments, we considered that salinity might influence the production and secretion of Hcp from V. cholerae O1 strains. We therefore compared Hcp expression and secretion after growth at 37°C in LB containing increasing concentrations of NaCl. In strain A1552, similar amounts of Hcp were produced in the cells regardless of salt concentrations ( Fig. 2A, top, lanes 1 to 4) . As shown ( Fig. 2A, top, lanes 6 and  7) , Hcp was readily detected in the culture supernatants of bacteria grown in LB supplemented with 170 or 340 mM NaCl. No Crp protein was detected in the culture supernatants ( Fig.  2A, bottom, lanes 5 to 8) , indicating that there was no cell lysis due to the increase in salinity. These results demonstrate that secretion of Hcp from the V. cholerae O1 strain A1552 occurred at 37°C in the presence of specific NaCl concentrations. We also tested if Hcp secretion could be stimulated by addition of KCl to the growth medium as an alternative anion supplement. As shown in Fig. 2B (top, lane 7) , Hcp was also efficiently secreted into the culture supernatant after growth in KClsupplemented LB.
Because we observed that Hcp secretion could be induced by high NaCl or KCl concentrations, we asked if secretion was dependent on osmolarity rather than salinity. To test this, A1552 was grown in LB supplemented with sucrose at a concentration of 255 mM to yield the same osmolarity as 340 mM NaCl. Immunoblot analysis revealed that Hcp was also efficiently secreted when the bacteria were grown at 37°C in LB containing 255 mM sucrose (Fig. 2B, top, lane 8) . Our results suggest that the induction of Hcp secretion was not salinity dependent per se but was caused by the increased osmolarity.
We also noted that temperature might influence the secretion of Hcp from V. cholerae O1. We compared Hcp expression and secretion after growth of strain A1552 at 23°C and 37°C in LB containing 340 mM NaCl (high osmolarity) or 85 mM NaCl (low osmolarity). Hcp was produced at both 23°C and 37°C, although slightly better at 37°C (Fig. 3 , top, compare lanes 1 and 2 with lanes 3 and 4). Interestingly, in contrast to the case when bacteria were grown at 37°C, Hcp was also efficiently secreted from the V. cholerae O1 strain grown at 23°C in low osmolarity (Fig. 3, top, lanes 5 and 7) . Moreover, under highosmolarity conditions, we observed increased secretion of Hcp from bacteria grown at the lower temperature (Fig. 3 , top, compare lanes 6 and 8). To be able to monitor any possible leakage of the periplasmic proteins into the supernatants, we used the V. cholerae O1 strain A1552 harboring the pBR322 plasmid expressing the periplasmic protein ␤-lactamase. As shown in Fig. 3 (bottom) , no ␤-lactamase was detected in the culture supernatants, indicating that periplasmic proteins were not leaking into the culture supernatants under the specific conditions shown to induce secretion of Hcp.
To examine if the osmolarity-dependent secretion of Hcp was specific to the V. cholerae wild-type O1 strain A1552 or whether it might also occur for other V. cholerae O1 strains, we analyzed the secretion profiles from the V. cholerae O1 El Tor Ogawa strain E7946 and from the V. cholerae O1 El Tor Inaba strain 93Ag49. The results (see Fig. S1 in the supplemental material) showed that Hcp was efficiently secreted into the culture supernatants when the bacterial strains were grown in the presence of 340 mM NaCl, but not with 85 mM NaCl. Thus, we conclude that the secretion of Hcp under high-osmolarity conditions may be a feature common to V. cholerae wild-type O1 strains.
The T6SS in V. cholerae O1 strain A1552 plays a role in interbacterial virulence. To test if the T6SS activity induced by high osmolarity might contribute to interbacterial virulence, we performed killing assays between the V. cholerae O1 strain A1552 and the E. coli K-12 strain MC4100. The results showed that the colony-forming ability of the E. coli strain was much reduced in the presence of V. cholerae under high-osmolarity conditions compared to low-osmolarity conditions (Fig. 4) . The viability of E. coli was retained when an hcp double-deletion mutant derivative of V. cholerae strain A1552 was tested.
Analysis of gene expression from the putative T6SS cluster in V. cholerae O1 strain A1552. In NOVC strains, the vas gene cluster-encoded T6SS mediates the extracellular secretion of four distinct proteins (Hcp, VgrG-1, VgrG-2, and VgrG-3) (37). To test and characterize the involvement of the putative T6SS gene cluster in the V. cholerae O1 strain A1552 for Hcp secretion, we constructed in-frame deletions in genes vca0107 (vipA) and vca0123 (vgrG-3) on the basis of the known sequence of the vas gene cluster in the genome of V. cholerae O1 strain N16961 (Fig.  5A) . We analyzed Hcp secretion from the resulting mutant bacteria when grown under conditions permissive for Hcp secretion (high osmolarity, 37°C, or low osmolarity, 23°C). Under both of these conditions, secretion of Hcp was abolished in the ⌬vca0107 mutant ( Fig. 5B; see Fig. S2A , top, lane 6, in the supplemental material), as well as the ⌬vgrG-3 mutant ( Fig. 5C ; see Fig. S2B , top, lane 6, in the supplemental material). Secretion could be restored by introducing plasmids encoding wild-type vca0107 into the ⌬vca0107 mutant strain ( Fig. 5B; see Fig. S2A , top, lane 7, in the supplemental material) and vgrG-3 into the ⌬vgrG-3 mutant strain ( Fig. 5C; see Fig. S2B , top, lane 7, in the supplemental material). To investigate the roles of other genes in the vas gene cluster in the expression and secretion of Hcp, we also constructed deletion mutant strains for vca0115 (vasF), vca0120 (vasK), and vca0121 (vasL), which are considered to be membrane-associated components of T6SS (47) . As shown in Fig. 5D , the whole-cell level of Hcp appeared increased in the ⌬vca0115 mutant strain, whereas the level of secreted Hcp was reduced in comparison with the level in the wild-type strain. The ⌬vca0120 mutation totally abolished Hcp secretion. Hcp was secreted from the ⌬vca0121 mutant strain at a level similar to that from the wild-type strain.
To investigate whether osmolarity can influence the expression of the putative T6SS genes in A1552, we performed qRT-PCR analyses. We used the transcription of the ompT gene as an osmolarity-responsive gene control of V. cholerae, since ompT expression is known to be regulated by the osmolarity of the culture medium (27) . As expected, transcription of the ompT gene was increased under high-osmolarity conditions at 37°C (Fig. 6 ). As shown in Fig. 6 , two selected T6SS genes at the beginning of the vas   FIG 3 Effects of growth temperature and osmolarity on Hcp levels in whole-cell lysates and supernatants from V. cholerae O1 strain A1552. Bacteria were grown at 23°C or 37°C in LB containing 85 mM (the normal salinity concentration of LB medium) or in LB containing 340 mM NaCl (a high salinity concentration). SDS-PAGE and immunoblot analyses were performed using anti-Hcp, anti-Crp, and anti-␤-lactamase antisera. Lanes 1 to 4, whole-cell lysates; lanes 5 to 8, culture supernatants. We used both a periplasmic marker (␤-lactamase) and a cytoplasmic marker (Crp) as controls for the purity of the supernatant fractions, and since neither of these proteins was detected, we conclude that there was no significant periplasmic leakage or cell lysis.
FIG 4
Interbacterial virulence expressed by wild-type V. cholerae O1 strain A1552 toward E. coli strain MC4100 in a T6SS-dependent manner. Survival of the streptomycin-resistant E. coli strain MC4100 was determined by measuring CFU/ml following exposure to V. cholerae wild-type strain A1552 and the ⌬hcp derivative as described in Materials and Methods. The data represent three independent experiments. The error bars indicate standard deviations of the mean.
gene cluster (vca0107 and vca0108), as well as other genes representing the other end of the vas gene cluster (vca0115, vca0120, and vca0121) and the separately located hcp and vgrG clusters (vgrG-1, vgrG-2, and hcp), all showed increased levels of transcription when bacteria were grown at 37°C in LB containing 340 mM NaCl.
The osmoregulator OscR controls T6SS activity in the V. cholerae O1 strain A1552 under low-osmolarity conditions. Bacteria like V. cholerae are known to have different sensing systems, making them capable of sensing modifications in their environment and generating appropriate responses. In general, signal transduction systems involving two-component sensorregulator proteins constitute the basis of such sensing mechanisms. For example, the EnvZ-OmpR two-component system is an osmolarity-responsive signal transduction system that regulates gene expression in response to alterations in osmolarity in E. coli and several other eubacteria, including V. cholerae (21, 35, 50) . Recently, a new osmoregulator, OscR, was described in the case of V. cholerae, and it was suggested to be a transcriptional regulator controlling an osmolarity adaptation response in a V. cholerae O1 strain (45) . We therefore decided to test if any of the EnvZ-OmpR system and/or the OscR osmoregulator might affect the regulation of T6SS activity of V. cholerae. We constructed in-frame deletion mutations in the envZ, ompR, and oscR genes in V. cholerae strain A1552 and examined secretion of Hcp from each of the ⌬envZ, ⌬ompR, and ⌬oscR mutant derivatives grown at 37°C under highosmolarity conditions. The whole-cell level of Hcp (Fig. 7A) appeared somewhat upregulated in the ⌬oscR mutant strain as estimated by our semiquantitative analysis (1.9-fold compared with the wild-type strain), whereas it was essentially unaltered in ⌬envZ and ⌬ompR strains (1.1-fold and 1.2-fold, respectively). In contrast to the parental strain, the ⌬oscR mutant also showed secretion under nonpermissive (low-osmolarity; 37°C) conditions (Fig. 7B, compare lanes 5 and 6) . However, Hcp was not detectably secreted from ⌬envZ and ⌬ompR mutant derivatives under these conditions (Fig. 7B, lanes 7 and 8) . The apparent inhibitory effect of OscR on the T6SS of V. cholerae was restored by expressing oscR from pBAD18 (Fig. 7C, lanes 7 and 8) . Furthermore, at 23°C, more Hcp was secreted from the ⌬oscR derivatives than from the parental strain regardless of osmolarity (compare Fig. S3A and B, lanes 3 and 4, in the supplemental material). To investigate whether the oscR gene could influence the expression of the putative T6SS genes in A1552, we performed qRT-PCR analyses, and the transcription levels of some of the tested genes (vca0107, vca0108, vca121, vgrG-2, and hcp) were found to be higher in the ⌬oscR mutant strain (Fig. 8) . We also performed qRT-PCR analysis to compare the levels of oscR gene transcription under the different osmolarity conditions employed in the present study. As shown in Fig. 6 , the transcription level of oscR was lower in bacteria grown under high-osmolarity conditions at 37°C. On the basis of these results, we suggest that osmolarity-dependent secretion of Hcp is due to negative regulation of the T6SS activity by the OscR osmoregulatory system in the V. cholerae O1 strain A1552.
DISCUSSION
Our present findings establish that there is a fully functional T6SS in wild-type V. cholerae O1 strains, the etiological agents of human cholera. Expression of the T6SS was dependent on growth conditions that the V. cholerae bacteria are thought to experience outside the human host in the natural aquatic environments where temperature and salinity conditions may promote bacterial persistence, leading to outbreaks of cholera. Along with other environmental factors, salinity is thought to control the distribution of V. cholerae in aquatic environments and consequently might play a key role in the incidence and seasonal occurrence of the disease (8, 39, 40, 48) . Our finding that activation of T6SS in the cholera bacterium depends on effects of salinity is therefore particularly intriguing because it is consistent with both the environmental persistence and outbreak potential of this waterborne pathogen and its ability to switch off expression of such properties upon entry into a mammalian host. Evidently, the regulatory system controlling activation of the T6SS in V. cholerae O1 strains has evolved to adapt to the salinity of aquatic environments (9, 48) , so that effector proteins, like Hcp in V. cholerae O1 strain A1552, can promote bacterial survival. On the other hand, in contrast to the case of NOVC strains V6 and V52, the Hcp protein was not secreted from V. cholerae O1 strain A1552 when the bacteria were grown in ordinary (low-osmolarity) culture medium (LB) at 37°C (Fig. 1) . Furthermore, we showed that Hcp secretion was strongly induced by low temperature. When strains were grown at 23°C, Hcp was efficiently secreted, similar to growth under higher osmolarity at 37°C. When we combined high-osmolarity and lowtemperature conditions, we observed a seemingly additive effect on secretion of Hcp in comparison with either high-osmolarity or low-temperature conditions separately. Our analysis established that expression of genes in the vas operon(s) was influenced by low-temperature and highosmolarity conditions at the transcriptional level. The qRT-PCR analyses of the tested genes (vca0107, vca0108, vca0115, vca0120, vca0121, vgrG-1, vgrG-2 , and hcp) showed increased levels of transcripts under high-osmolarity (340 mM NaCl) conditions (Fig. 6) . Intriguingly, we found that transcription of genes in separate (vas, hcp, and vgrG) gene clusters were similarly upregulated under high-osmolarity conditions. However, it remains to be clarified if there is a direct relation between Hcp secretion and levels of transcription from these vas genes or how they may be joined in regulation.
Our investigation of the roles of several vas gene cluster genes in the expression and secretion of Hcp showed that there were different effects depending on the gene tested by construction of mutant derivatives (Fig. 5) . The fact that Hcp was present at detectable levels irrespective of the osmolarity and temperature conditions presumably indicates that Hcp was readily produced but that the machine required for its assembly was not. It may highlight the fact that there could be a mechanism to tightly regulate the moment at which Hcp should be assembled.
We identified the newly recognized osmoregulatory protein OscR as a regulatory key factor in the osmoregulation of T6SS expression and secretion of Hcp from V. cholerae O1 strains. The results of our genetic analysis indicated that OscR mediates a negative regulatory effect on the T6SS under low osmolarity at 37°C. The oscR gene product is annotated as an IclR-type (isocitrate lyase) regulator (http://www.ncbi.nlm.nih.gov/gene/2612470). Members of the IclR family of transcriptional regulators are well represented and widely distributed in bacteria and can act as repressors, activators, or both (29) . Proteins of the IclR family always have the helix-turn-helix DNA binding domain at their N termini (29) . Although its structural and functional mechanisms have not been revealed, we hypothesize that OscR modulates the transcription of T6SS genes and thereby controls secretion of Hcp. Recently, Zheng et al. (56) obtained genetic evidence for a negative regulator (TsrA) of T6SS in a luxO mutant of V. cholerae O1 strain C6706, and the T6SS of V. cholerae appeared to be functionally active when tsrA was inactivated. Taken together, we propose that the T6SS of V. cholerae O1 strains is regulated in a pathoadaptive manner by alterations in osmolarity and temperature, whereas the T6SS seems to be constitutively active in NOVC strains. Our preliminary tests with the NOVC strain V52 indicated that expression and secretion of Hcp were not influenced by osmolarity (unpublished data). It remains to be elucidated whether the expression levels and/or activities of oscR and tsrA in NOVC strains are different from those of V. cholerae O1 strains or if other differences in regulatory networks make the T6SS constitutively active in NOVC strains. A summary of the regulators and environmental conditions that are proposed to regulate expression and secretion of the T6SS substrate Hcp in V. cholerae O1 strains is shown in Fig. 9 . Our findings show some resemblance to Yersinia pestis, in which the T6SS gene cluster is induced at low temperature and repressed at 37°C, suggesting that the T6SS in Y. pestis is probably more important for dissemination in the flea vector than in human host tissues (17, 30, 34, 41) . The capacity to sense temperature changes and to respond by modifying the expression of genes encoding virulence factors is an important feature of many virulent bacteria. For example, in P. aeruginosa, the upregulation of genes associated with osmoprotectant synthesis, putative hydrophilins, and a type III protein secretion system (T3SS) after growth under steady-state hyperosmotic stress has been demonstrated (1). High-salt stress was also shown to be one of the environmental stimuli affecting expression of the Ysa T3SS in Yersinia enterocolitica (25, 54) .
Our findings suggest that T6SS induction by these conditions is beneficial for V. cholerae and contributes to the fitness of O1 strains for survival in the natural environment. We hypothesize that the T6SS of V. cholerae O1 strains constitutes an important factor for competition with other microorganisms in the natural aquatic environment. Whereas the T6SS in the NOVC strains seemed to be active by default under most growth conditions, the V. cholerae O1 strains evidently have evolved a regulatory system, making T6SS expression conditional in a pathoadaptive fashion.
